ABSTRACT Five molecular dynamics simulations (total duration .25 ns) have been performed on the Escherichia coli outer membrane protease OmpT embedded in a dimyristoylphosphatidylcholine lipid bilayer. Globally the protein is conformationally stable. Some degree of tilt of the b-barrel is observed relative to the bilayer plane. The greatest degree of conformational flexibility is seen in the extracellular loops. A complex network of fluctuating H-bonds is formed between the active site residues, such that the Asp 210 -His 212 interaction is maintained throughout, whereas His 212 and Asp 83 are often bridged by a water molecule. This supports a catalytic mechanism whereby Asp 83 and His 212 bind a water molecule that attacks the peptide carbonyl. A configuration yielded by docking calculations of OmpT simulation snapshots and a model substrate peptide Ala-ArgArg-Ala was used as the starting point for an extended Hü ckel calculation on the docked peptide. These placed the lowest unoccupied molecular orbital mainly on the carbon atom of the central C¼O in the scissile peptide bond, thus favoring attack on the central peptide by the water held by residues Asp 83 and His 212 . The trajectories of water molecules reveal exchange of waters between the intracellular face of the membrane and the interior of the barrel but no exchange at the extracellular mouth. This suggests that the pore-like region in the center of OmpT may enable access of water to the active site from below. The simulations appear to reveal the presence of specific lipid interaction sites on the surface of the OmpT barrel. This reveals the ability of extended MD simulations to provide meaningful information on protein-lipid interactions.
INTRODUCTION
Bacterial outer membrane proteins (OMPs) all share a common architecture, that of a transmembrane domain formed by an antiparallel b-barrel. To date, the structures of 20 such OMPs have been solved by x-ray diffraction (Buchanan, 1999; Koebnik et al., 2000) and by nuclear magnetic resonance (Arora et al., 2001; Fernandez et al., 2001 ). Thus, OMPs provide an opportunity for molecular dynamics (MD) simulation studies to explore the conformational dynamics of a whole family of structurally related membrane proteins, to define both common dynamic properties and functionally important differences between individual species of OMPs (Domene et al., 2003a; Bond and Sansom, 2004) .
Perhaps the best-characterized family of OMPs would be the porins (Cowan, 1993; Schirmer, 1998; Achouak et al., 2001) . These include both relatively nonspecific general diffusion pores and also more specific passive pores (e.g., for oligosaccharides, Schirmer et al., 1995; Forst et al., 1998) across the outer membrane. Thus, they are an important component of the transport properties of the bacterial membrane. Other transport proteins in outer membranes include those for ferric ions (Locher et al., 1998; Ferguson et al., 1998; Buchanan et al., 1999) and for vitamin B 12 (Chimento et al., 2003) , and export pathways for polypeptide toxins and hydrophobic drugs such as TolC (Koronakis et al., 2000) .
In addition to transport proteins, outer membranes include a number of membrane-bound enzymes. Several structures of such enzymes have been determined, including those of a protease OmpT , and two OMPs acting on lipid substrates, OMPLA (Snijder et al., 1999) and PagP (Hwang et al., 2002) .
In the present work we focus on OmpT, the Escherichia coli outer membrane endoprotease Omptin (EC 3.4.21 .87), which shows maximum enzymatic activity for cleavage sites with two consecutive basic amino acids (Arg-Arg, Lys-Arg, Lys-Lys) (Sugimura and Nishihara, 1988) . OmpT also cleaves a number of more remote sequences as has been shown by activity assays and library screening . It is functional as a monomer and has an autoproteolytic site at K217-R218. Mutation of the three residues S99, G216, and K217 was a prerequisite for the crystallographic structure determination ). The OmpT crystal structure comprises 297 amino acids and has revealed its prolonged 10-stranded b-barrel architecture with a central elliptical cross section of ;13 3 16 Å . The active site sits in the extracellular half of the structure at the base of two long loops that protrude from the barrel flanking a central binding pocket. Four residues have been identified as an essential part of the active site, D210/H212 on one side of the pocket and D83/D85 on the opposite side. The biological function of OmpT is not fully established, but it may have a protective role in pathogenic E. coli. OmpT degrades a variety of positively charged antimicrobial peptides and might be involved in urinary tract disease and DNA excision repair.
MD simulations provide a valuable tool for studying membrane proteins, enabling us to probe their conformational dynamics in both membrane and detergent micelle environments (Bond and Sansom, 2003) . They are of particular value in enabling us to extrapolate from the essentially static (time-and space-averaged) structure revealed by x-ray diffraction to a more dynamic picture of the behavior of a single OMP molecule in a more realistic environment mimicking a small patch of the bacterial membrane. MD simulations have been employed in a number of studies of OMPs, most notably to probe protein and solvent dynamics in relationship to permeation mechanisms in porins (Tieleman and Berendsen, 1998; Im and Roux, 2002) , to explore possible pore-gating mechanisms in OmpA (Bond et al., 2002; Bond and Sansom, 2003) , to explore dynamics in relationship to transport in FhuA (Faraldo-Gómez et al., 2003) , and to examine the role of calcium binding and dimerization in the catalytic mechanism of OMPLA (Baaden et al., 2003) .
In the current study we employ MD simulations to examine the conformational dynamics of the active site of the outer membrane protease OmpT. We also explore the interactions of OmpT with phospholipid molecules, which is of some interest in the context of possible specific interactions of OmpT with lipid A and their role in stability and/or function of OmpT.
METHODS

System preparation
Repair of protein structures
We started from chain A of the 2.6 Å crystal structure (PDB code 1i78) where missing side-chain atoms were modeled using a rotamer library (Chinea et al., 1995) . We reversed the mutations required for the crystallization of OmpT: A99S, K216G, and G217K.
pK A calculations
It has been our experience (Capener et al., 2000) that more stable MD simulations can be obtained if pK A calculations are used to aid assignment of ionization states to acidic and basic residues in a protein. Thus, pK A calculations for OmpT were performed using the program WHATIF (Vriend, 1990) . This approach combines calculation of the energies of different protonation states of ionizable residues via the Poisson-Boltzmann equation with modeling of local structural changes associated with (de)protonation of ionizable residues (Nielsen and Vriend, 2001) . To mimic the dielectric environment presented by a membrane pK A calculations were performed on OmpT embedded in a slab of methane molecules. The result was a series of titration curves for each ionizable residue, from which protonation states were assigned.
Insertion into a bilayer
OmpT was inserted into a pre-equilibrated, hydrated (65 waters per lipid molecule) dimyristoylphosphatidylcholine (DMPC) bilayer using the methods described previously . Briefly, a hole of approximately the same size as the protein is made in the lipid bilayer by removal of DMPC molecules. A simulation is then run in which the lipid molecules at the edge of the hole experience local forces perpendicular to a molecular surface generated from the protein to be inserted. This allows the lipids to relax around a protein-shaped cavity into which the protein is then introduced. Na 1 and Cl ÿ ions equivalent to a concentration of ;0.1 M were then added. A typical view of the total simulation system is shown in Fig. 1 C.
Simulations
All simulations were performed using GROMACS 3.1.4. (Berendsen et al., 1995) The force field used was GROMOS-87. (van Gunsteren and Berendsen, 1987 ) The SPC water model was employed (Berendsen et al., 1981) . The simulations were run in the NPT ensemble. The temperature was maintained at 310 K using a Berendsen thermostat (Berendsen et al., 1984) with t ¼ 0.1 ps. The pressure was maintained at 1 bar by anisotropically coupling x, y, and z components to a Berendsen barostat (Berendsen et al., 1984) with t ¼ 1.0 ps and compressibility of 4.5 10 ÿ5 bar ÿ1 in all three dimensions. The time step for integration was 2 fs, and coordinates were saved every 1 ps for subsequent analysis. Electrostatic interactions were FIGURE 1 (A) OmpT fold showing: 1), the four active site residues (i.e., Asp
83
, Asp 85 on the left, and Asp
210
, His 212 on the right) in red; 2), the basic lipid binding sites formed by Arg and Lys residues in orange; and 3), the upper and lower amphipathic aromatic belts formed by Trp and Tyr residues in green. The position of the lipid bilayer is delineated by horizontal lines, with the extracellular space located at the top and the periplasm at the bottom. (B) A schematic cross section of OmpT indicating the approximate position of a potential tetrapeptide substrate (in black). (C) Snapshots from the OMPT2 simulation at t ¼ 0 and 10 ns. The protein is blue (cartoon representation), the lipid bilayer polar headgroups are shown as red and orange spheres, the hydrophobic tails as green lines, water molecules as blue dots, and Na 1 and Cl ÿ ions as purple and cyan spheres, respectively. Three regions are indicated: w, water; i, interface; and h, hydrophobic core. calculated using either a cutoff of 18 Å , with van der Waals interactions truncated at 14 Å , or with particle-mesh Ewald (PME; Darden et al., 1993) using a 10 Å cutoff for both the real-space calculation and the van der Waals interactions. The LINCS algorithm (Hess et al., 1997) was used to constrain all bond lengths. After insertion of the protein into the bilayer (see above) an equilibration simulation was performed during which restraints on the protein atoms were gradually released. This equilibration period was 0.6 ns. Production simulations of up to 10 ns duration were then performed.
Peptide docking
Docking calculations of the three peptides ARRA, AKKA, and AK(D)RA were performed with AUTODOCK3 (Morris et al., 1998) . We selected one of the ARRA complexes and refined side-chain positions interactively with the YASARA software (Krieger et al., 2002) . Protein-substrate interactions were analyzed with the program LIGPLOT (Wallace et al., 1995) . The STC software (Lavigne et al., 2000) was used to estimate the free energies of active site-peptide interactions via a structure-based thermodynamic approach. Given the simple docking procedure used, the approximate nature of the resulting complex and the short length of the peptide, we only derived relative contributions of protein side chains to the binding energy.
Additional analysis programs
Secondary structure elements were identified using the program DSSP (Kabsch and Sander, 1983) , and graphical representations were prepared with VMD (Humphrey et al., 1996) and RASTER3D (Merritt and Bacon, 1997) . Water bridges were identified with an adapted GROMACS analysis program provided by J. D. Faraldo-Gómez. Lipid-protein interactions were analyzed using the Proximus database and associated tools (S. S. Deol and M. S. P. Sansom, unpublished results).
RESULTS
Simulations and stability
The simulation system, consisting of an OmpT monomer embedded in a DMPC bilayer, is shown in Fig. 1 . In determining the initial configuration of this system, attention was paid to the location of the bands of amphipathic aromatic amino-acid (i.e., Trp and Tyr) side chains on the surface of the b-barrel, as it is thought that such residues help to ''lock'' integral membrane proteins within a lipid bilayer (Killian and von Heijne, 2000; Lee, 2003; Fyfe et al., 2001 ). The other class of residues that have been suggested to interact with lipid headgroups are basic side chains. In this context it is noteworthy that there are many basic residues in the upper (i.e., extracellular) half of the OmpT barrel, pointing out toward the lipid headgroups (see Fig. 1 A; also see discussion, below).
Five simulations were performed (Table 1 ). OMPT1 and OMPT2 were both of 10-ns duration, but differed in the manner in which long-range electrostatic interactions were approximated. OMPT3a-c were short (2.5 ns) reruns of the OMPT2 simulation using different random seeds and starting conformations. By performing multiple simulations we aimed to explore the robustness of our results to changes in simulation protocol (OMPT1 versus OMPT2) and to stochastic fluctuations and differences between multiple runs of a given simulation protocol. Furthermore, better sampling is achieved by multiple simulation runs (Caves et al., 1998) .
Visualization of the results of e.g., simulation OMPT2 ( Fig. 1 C) , suggests that although there is no overall translation of the OmpT b-barrel relative to the lipid bilayer, some degree of tilting occurs. This is discussed in more detail below. However, extended simulations of phospholipid bilayers have revealed surface undulations (Lindahl and Edholm, 2000) and so we cannot exclude the possibility of similar long (i.e., )10 ns) timescale fluctuations in OMP orientations in membranes.
The overall drift of OmpT from the initial (i.e., crystallographic) structure provides a measure of the conformational stability of this protein in a membrane environment. Drift can be simply measured in terms of the Ca root mean-square deviation (RMSD) from the starting structure. In simulations of both OMPT1 and OMPT2 (Fig. 2) it can be seen that the b-barrel is very stable, with a final Ca RMSD of FIGURE 2 Root mean-square deviation (RMSD) of Ca atoms from the starting structure versus time for the OmpT1 (A) and OmpT2 (B) simulations. The RMSD for all residues (solid lines, labeled all), for the loop and turn residues (light shaded lines, labeled loops) and for secondary structure (i.e., b-sheet) elements (dark shaded lines, labeled barrel ) are shown.
;1 Å , whereas the highest degree of structural drift is seen in the loop regions, for which the cutoff simulation (i.e., OMPT2) may show a slightly higher degree of drift on a 10-ns timescale. Detailed analysis of the convergence of the simulations using principle-components analysis and other methods will be published elsewhere (Faraldo-Gómez et al., 2004) . To summarize, the OmpT simulations were among the best converged systems comparing nine different membrane proteins in a lipid environment. The similarity of both halves of the simulation-a measure for the sampling completeness-derived from principle-components analysis is 81% for the transmembrane part and 66% for the whole protein. This compares very favorably to shorter simulations of the OmpF porin with values from 12 to 16% (Hess, 2002) . The structural drift of the backbone of the four active site residues was found to be ,1 Å .
Analysis of the radius of gyration confirms that OmpT is a stable protein in multinanosecond simulations and suggests some degree of tilting of OmpT in the bilayer, which is more pronounced with OMPT1. More exact protein tilt analysis confirms the significant tilting of OmpT in the bilayer (this is discussed below). Overall, the simulations confirm that, despite the low resolution (2.6 Å ), the OmpT structure is remarkably stable in simulations on an ;10-ns timescale.
Conformational fluctuations
Although the OmpT structure is globally stable in the simulations, this is not to imply that no significant conformational fluctuations take place. Thus, it is of interest to also examine the magnitude of the conformational fluctuations in different regions of the structure and to compare these with the experimental B-values (although not forgetting the resolution of the structure, namely 2.6 Å ). In Fig. 3 A the Ca root mean-square fluctuations (RMSFs) are shown as a function of residue number for OMPT1, and compared with the equivalent RMSFs derived from the B-values. Qualitatively the two curves agree, with the highest fluctuations being seen in the extracellular loops and the lowest fluctuations in the core of the b-strands. Two major differences are observed. Firstly the peak values of the RMSFs for the loops are higher in the simulation than in the crystal structure. This may reflect constraints on loop mobility present in the crystal which are removed when the protein is in a bilayer. Such an interpretation is supported by recent simulations of the small outer membrane protein OmpA in a crystal versus a bilayer environment (P. J. Bond and M. S. P. Sansom, unpublished). The second major difference is that the RMSFs derived from the B-values are significantly higher than those seen in the simulations for the core regions of the b-barrel. This probably reflects some contribution of static crystal disorder (e.g., mosaicity) to the B-values as well as undersampling of long-timescale motions of the barrel (Faraldo-Gómez et al., 2004) .
We have also examined the Ca RMSF values as a function of the z coordinate of the Ca atoms (i.e., the position of the Ca atom projected onto the approximate bilayer normal). For all three simulations this analysis (data not shown) reveals a similar pattern to that seen in other outer membrane protein simulations , namely the RMSFs are lowest (;0.6 Å ) in the center of the membrane (also the middle of the barrel) and rise at either end, being highest in the extramembranous loops.
Visualization (Fig. 3 B) of superimposed snapshots taken throughout the simulations suggests that the pattern of mobility defines two relatively rigid ''halves'' of the barrel, with highly mobile extracellular loops (two of which contain the active site residues sitting at the region connecting with the barrel) flanking a potential peptide binding site in between. This poses the question of the possible role(s) of showing residues that maintain their secondary structure as determined via DSSP (Kabsch and Sander, 1983) for .90% of the total simulation time. (Red, b-strand; green, bend; yellow, turn; and light shaded, coil.) The b-strands and extracellular loops are labeled.
such loop flexibility in the catalytic mechanism of OmpT. One possibility is that the mobile loops enhance (i.e., lower the activation energy for) entry/exit of substrate/product from the active site.
We have also monitored the secondary structure as a function of time for each simulation. Comparing the three simulations (i.e., treating the OMPT3a-c simulations together) and examining the predominant secondary structure for each residue during each simulation (Fig. 3 C) , one can see that differences in secondary structure between the three simulations are only observed for the extracellular loops, in agreement with the pattern of fluctuations described above.
The active site
The mechanism proposed for OmpT has active site residues located on two extracellular loops on opposite faces of the barrel (compare to Fig. 1 A) . Earlier mutagenesis studies (Kramer et al., 2000) had suggested a role for Ser 99 although this is less clear in terms of the structure. It has been suggested ) that Glu 27 and Asp 208 may also play a role in substrate binding via interaction with a substrate arginine side chain. The simulations of OmpT provide an opportunity to examine the structural integrity of the active site and the nature of the interactions between the key residues as they evolve over time, and in particular to explore the interactions of water molecules with active site side chains.
There is a complex network of H-bonds (Fig. 4, A and B ) between the active site residues, which fluctuates as a function of time (Fig. 4 C; (Fig. 4) , thus supporting the mechanism of Kramer et al. (2001) and Asp 83 ) and by bridging between side chains to maintain the integrity of the active site. Of course, these simulations are in the absence of bound peptide substrate, and a different configuration of side chains and waters may be expected in the latter state.
As part of the preparation of the simulation system (see Methods) we performed pK A calculations. These suggested that His 212 protonation was favored by ;10% at neutral pH (the calculated pK A was ;7.9). In combination with the results of the H-bonding analysis discussed above, this might suggest that a proton transfer shuttle among water, His 212 , and Asp 83 may play a key role in the catalytic mechanism. Interestingly, the pK A calculations also suggested that the pK A of Asp 85 was perturbed from its standard value (to ;6.6). The simulations were all performed in the absence of bound peptide substrate. To explore the influence of active site fluctuations on enzyme-substrate interactions we have performed docking simulations (see Methods) between selected OmpT snapshots from the simulations and three model peptides: Ala-Lys-Lys-Ala, Ala-Arg-Arg-Ala, and Ala-Lys-(D)Arg-Ala. The first two are models of substrates, whereas the third peptide is an inhibitor. The results from docking these peptides to different snapshots of OmpT from the simulations provide a range of complexes. Some of the observed configurations are compatible with the catalytic mechanisms discussed and place the peptide cleavage site near the catalytic residues. However, the precision of the docking calculation does not permit a detailed insight into the mechanism as several alternative docked structures are close to one another in energy. In Fig. 5 we show an interactively refined docked complex of Ala-Arg-Arg-Ala with the active site configuration from simulation OMPT1 at 0 ps. . Thus the results of the docking are consistent with the mechanism proposed on the basis of the crystal structure and mutagenesis studies.
Another interesting feature of the OmpT active site are the fluctuations of the putative peptide binding cleft, in particular the hot spot delineated by the four residues D83, D85, N210, and H212. One flexibility measure is the evolution of the H212-D83 and H212-D85 distances versus time, which fluctuate between 3 and 8 Å (graphs not shown) and show a clear bimodal distribution with maxima at 4.0 and 5.6 Å in simulation OMPT2.
To further examine the peptide docked at the active site we performed an extended Hückel calculation on the Ala-ArgArg-Ala peptide in the docked conformation discussed above. The results of this calculation (data not shown) placed the lowest unoccupied molecular orbital (LUMO) mainly on the carbon atom of the central C¼O in the scissile peptide bond. A control calculation on an energy-minimized conformation of the isolated peptide-with no docking constraints-placed the LUMO in a different position incompatible with the expected enzymatic reaction. Thus the docked conformation seems to favor attack on the central peptide bond and the preferred direction of attack would seem to be from ''below,'' i.e., from the direction of the water held by residues Asp 83 and His 212 . The results of a thermodynamic analysis (described in Methods) of the peptide/OmpT complex shown in Fig. 5 The values indicate percentages of total simulation time for which a given H-bond was present. An interaction is recorded only if it was present for .30% in at least one simulation.
FIGURE 5 Results of docking calculations, showing a selected OmpT-ARRA complex in which interacting protein residues are in light blue, the peptide is in green, and the scissile peptide bond is highlighted in yellow. D83 is protonated and a water molecule between D83 and H212 is shown. The putative catalytic mechanism is indicated via arrows. The I170 residue is not shown for clarity, but its approximate side-chain position is indicated by an asterisk.
''poised'' to attack the scissile peptide bond, the peptide being oriented such that its LUMO is directed toward the water oxygen. As to the stabilizing role of Asp 83 and Asp 85 , several possibilities can be considered. Firstly, the water held between Asp 83 and Asp 85 may act as the donor of a shared proton between these two residues, in agreement with the mechanism proposed by Kramer et al. (2001) . Secondly, the attacking water molecule could simultaneously provide a proton to stabilize the oxyanion intermediate and hydrolyze the peptide bond. Thirdly, if two water molecules were bridging, one could play a stabilizing role whereas the other acts as a nucleophile.
Water
The crystal structure of OmpT reveals between six and nine waters within the OmpT barrel (depending on which of the two monomers in the asymmetric unit one examines). Given the behavior of water molecules within the pore-like b-barrel of OmpA we were interested to examine the dynamic properties of water within the OmpT barrel. In particular, we wished to examine whether the water inside the b-barrel behaved simply as a structural element, or if OmpT could form a potential water permeable pore through the outer membrane.
The time-average distribution of water molecules inside the barrel (Fig. 6 A) indicates that water can access most of the interior of the barrel but that there is a region of low water density around the extracellular mouth of the barrel. This low water density region corresponds to the narrowest region of the barrel in the crystal structure, where the barrel is ''squashed'' such as to have a highly elliptical cross section. If we examine the trajectory of a single (typical) water molecule (Fig. 6 B) we can see ready exchange of the water molecule between the intracellular face of the membrane and the interior of the barrel but no exchange of water at the extracellular mouth. This is supported by following the trajectories of a number of water molecules within the barrel projected onto the z (i.e., approximate barrel) axis (Fig. 6 C) .
What does this mean in terms of the function of OmpT? One is tempted to speculate that the pore-like region in the center of the OmpT molecule may allow access of water to/ from the active site from below, i.e., on the side of the active site facing toward the interior of the b-barrel just beneath the putative peptide binding site.
Lipid/protein interactions
The OMPT simulations provide an opportunity to explore further the nature of lipid-protein interactions in a lipid bilayer mimicking the bacterial outer membrane and the extent to which these may be characterized by simulations. This is a topic of some general importance, as an improved understanding of protein/lipid interactions may enable us to better predict the structure of membrane proteins. Interactions between lipid molecules and membrane proteins are known to play important roles in the stability and structural integrity of membrane proteins (Killian and von Heijne, 2000; Lee, 2003) . Furthermore, OmpT requires lipopolysaccharide (LPS) for its activation (Kramer et al., 2002) and on the basis of structural comparisons with FhuA (Ferguson et al., 1998) it has been suggested that there may be a specific LPS binding site on the surface at the extracellular end of the OmpT b-barrel .
As discussed briefly above we have observed a degree of tilting of the OmpT barrel relative to the lipid bilayer. For example, at the end of simulation OMPT1 the barrel axis is tilted ;20°relative to the (overall) bilayer plane. We have seen a similar tilting of the barrel of the simple outer membrane protein OmpA (Bond et al., 2002) and a similar tilting of OmpA has been predicted by Basyn et al. (2001) using a simplified potential for protein/membrane interactions. We therefore suggest that the tilt of OmpT may reflect an underlying asymmetry in the interaction of the outer barrel envelope with the bilayer. This is suggested by the agreement between the tilt seen in MD simulations and that generated using a simple hydrophobicity potential for sidechain/bilayer interactions (S. S. Deol and M. S. P. Sansom, unpublished results). It is possible that the development of the tilt of OmpT relative to the bilayer during the simulations may be related to the increase in the number of lipid-protein H-bonds observed during the early stages of both simulations OMPT1 and OMPT2 (Fig. 7) . This increase in number of H-bonds is suggested to correspond to a slow (.2 ns) optimization of the interaction of the protein with the bilayer. Similar timescales for fluctuations of number of protein/lipid interactions have been observed in simulations of OmpA and KcsA (Domene et al., 2003b) .
As mentioned above, on the basis of comparing the crystal structures of FhuA (with bound LPS; PDB code 1QFG) and of OmpT, Vandeputte-Rutten et al. (2001) In the FhuA structure the primary contacts from the protein to the Lipid-A portion of LPS are via a lysine and arginine cluster to the diphosphate moiety and via a lysine and glutamine cluster to the single phosphate (Fig. 8 A) .
We have analyzed the principal contacts between the phosphate of DMPC and the OmpT side chains of the proposed LPS binding site, of the nearby Lys 177 and of a second possible LPS site identified by examination of snapshots from the simulations. The results of this analysis are summarized in Table 3 and some snapshots are shown in Fig. 8 Given the importance of aromatic side chains in membrane protein interactions with bilayers, we have also analyzed the interactions of the two aromatic bands on the surface of OmpT with the phospholipid headgroups. The results for simulations OMPT1 and OMPT2 (Fig. 9) are broadly similar. In both cases, there are rather more aromatic/headgroup FIGURE 7 The number of OmpT/lipid H-bonds versus time for simulations OMPT1 (solid line) and OMPT2 (shaded line).
interactions at the periplasmic interface than at the extracellular. This analysis also reveals fluctuations in the number of such interactions on an ;2-ns timescale, reinforcing the conclusion above from analysis of numbers of H-bonds.
Overall, these simulations are encouraging in suggesting that 10-ns simulations can reveal key aspects of lipid-protein interactions. Of course, we must remember that the sites in the MD simulations are for interaction with a simple (phosphatidylcholine) bilayer, rather than the more complex lipid environment in the in vivo outer membrane. However, the simulation results do enable the formulation of experimentally testable hypotheses as to likely lipid interaction sites on the surface of OmpT.
DISCUSSION
Biological implications
The results of these simulations appear to support the novel mechanism for OmpT proposed by Kramer et al. (2001) . In particular, they demonstrate that even in the absence of bound peptide, the H 212 and D 83 side chains bind a water molecule in an orientation that would favor nucleophilic attack on the scissile peptide bond. Simple peptide docking calculations indicate that a peptide can readily bind in the appropriate orientation at the active site for such a mechanism.
The simulations also reveal the role of water within the b-barrel. Although such water may well play a structural role in stabilizing the transmembrane b-barrel fold, it also seems to be relatively mobile-that is, the OmpT barrel forms a water-permeable pore. It is not clear whether or not this has a functional role. It is conceivable that the mobile water within the pore may play a role in delivering water molecules to/from the active site at the external end of the barrel. Alternatively, it may be that the water is playing mainly a structural role and the water permeability of the OmpT barrel is simply tolerated (in an evolutionary sense), given the high permeability of the outer membrane due to the presence of porins. It would be possible to design suitable pore-perturbing mutants that might enable these two alternatives to be tested experimentally.
In terms of interaction of OmpT with its membrane environment, the simulations are quite revelatory. In particular, although the simulations have been performed in a relatively simple DMPC bilayer, they appear to reveal the presence of specific lipid interaction sites on the surface of the OmpT barrel. These sites include the one proposed Vandeputte-Rutten et al. (2001) , on the basis of structural homology with FhuA (Ferguson et al., 2000) , to form a site for LPS binding. This result is of interest in terms of revealing the ability of extended MD simulations to provide meaningful information on protein-lipid interactions (Domene et al., 2003b) .
Simulation methodology and future directions
From a methodological standpoint these simulations reveal some small differences in behavior according to whether long-range electrostatic interactions are approximated via a simple cutoff or treated more accurately via the PME method. (A more detailed comparison of the effects of this aspect of the methodology on outer membrane protein simulations will be presented elsewhere.) However, we note that although more accurate than the cutoff treatment, the PME method is not without possible artifacts (Weber et al., 2000) , especially in the context of membrane protein simulations (Bostick and Berkowitz, 2003) , which makes some more methodological development in this area desirable.
Our simulation results suggest, in terms of the tilting of the protein relative to the bilayer, that some degree of lipidprotein mismatch may occur for OmpT in DMPC bilayers. More extended simulations are required to obtain a more statistically significant picture of this possible mismatch, and also to explore how the local bilayer geometry may adjust to it. This information could be used to predict experimentally verifiable distances between lipid headgroups and specific protein residues. Given the relaxation time of the protein position in the bilayer, this is currently beyond our computational means.
Both this mismatch, and the observation of specific protein-lipid interactions, hastens the need for simulations of outer membrane proteins in a more realistic model of the outer membrane than a simple phosphatidylcholine bilayer. which sits near to the proposed site; 2nd site, a putative second LPS-binding site; and lower belt, interactions with the lower (periplasmic) half of the protein. Initial modeling and simulation studies of LPS bilayers have been performed (Katowsky et al., 1991; Lins and Straatsma, 2001) , and simulations of a more realistic outer membrane model should be feasible in the near future. The simulations reported here provide valuable clues as to the catalytic mechanism of OmpT. However, to characterize this more fully it will be necessary to perform simulations using quantum-mechanical/molecular-mechanical methods (Mulholland et al., 2000; Ridder and Mulholland, 2003) . A first approximation to this may be to perform molecular mechanics-based simulations that allow for dynamic protonation/deprotonation of water and side chains (Smondyrev and Voth, 2002; Wu and Voth, 2003) .
